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Abstract
Pollutant transport in soil and geologic materials has been evaluated to prevent contamination of groundwater 
reservoirs.  The objective of this project was to use two transfer function models for predicting X-ray computed 
tomography-measured chemical breakthrough in columns.  Breakthrough experiments were conducted using 
undisturbed cores taken from a field site.  Application of the convection-dispersion model is more limited to 
homogeneous columns while the lognormal and convection-dispersion probability density function (pdf) transfer 
function models worked well for both heterogeneous as well as homogeneous columns.  The parameters for travel 
time pdf were accurately estimated by the solute breakthrough time distributions when the resolution of the scan was 
0.5 x 0.5 mm.  However, group-pixel averages of 2.0 x 2.0 mm or 5.0 x 5.0 mm worked best to reduce fluctuations 
of CT scan numbers.  In this study, the application of the transfer function model was limited to conservative solute 
transport in undisturbed columns.  Future studies can evaluate chemical adsorption and degradation processes.
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1. Introduction
Chemical transport through porous media is of great importance in evaluating and preventing degradation of 
water quality from possible contamination.  This concern of pollutant transport to water resources encourages 
scientists to better understand the processes of chemical movement through porous media.  These transport
processes are complex, and groundwater contamination through the vadose zone needs to be investigated (Onsoy et 
al., 2005).  This challenge has led to different ways of identifying and evaluating solute movement through porous 
media.  The most common approach to solute transport modeling and mass transfer in time and space has been 
presented in the form of partial differential equations, and it is assumed that modeling parameters are uniform 
throughout the entire domain.  In fact, soils are seldom homogeneous; their properties vary spatially on both small 
and large scales (Kazemi et al., 2008).  
The complex heterogeneous nature of soil systems presents serious challenges in estimating solute transport 
parameters needed for solute transport models.  Previous research has been conducted to assess the variability of 
solute transport parameters using both laboratory (Lennartz, 1999; Strock et al., 2001) and field approaches (Kazemi 
et al., 2008).  Significant parameters in the models include pore-water velocity and dispersivity which are influenced 
by the measurement scale.  The importance of macropore-scale heterogeneities in influencing solute transport 
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through porous media has been recognized (Strock et al., 2001).  Macropores are defined as pores or structural 
cracks in porous media great than 1 Pm in diameter. 
Characterization of solute transport parameters in porous media in time and space on a macropore-scale is 
laborious and time consuming.  Recent development of X-ray computed tomography (CT), which is extensively 
used as a diagnostic tool in medicine for rapid and non-destructive assessment of density inside opaque objects in 
three-dimensions, was utilized to measure bulk density and soil water content and to characterize macropores in 
terms of size and spatial distribution in soils (Rachman et al., 2005).  CT has also been used to measure solute 
breakthrough curves in undisturbed soil cores and to characterize solute transport parameters such as solute 
dispersivity (Peyton et al., 1994; Clausnitzer and Hopmans, 2000).  The transfer function model developed by Jury 
and Roth (1990) may be a possible method to characterize transport parameters.
The objective of this study was to measure solute breakthrough travel time using CT methods and to develop 
transfer function models using the travel time probability functions. Two parametric models were used to represent 
the physical processes of solute breakthrough:  log-normal and convection-dispersion equations.
2. Materials and Methods
Experimental Site The experimental site (Hartsburg, Missouri) was under row crop management for several years 
(Kazemi et al., 2008).  Soils at the site were classified as Sarpy loamy sand (mixed, mesic Typic Udipsamment).  
These materials are well drained and formed in sandy alluvium.
The upper 150 mm horizon contained 964 g kg-1 sand (Table 1).  Sand for this horizon was further classified as 
3.6% very coarse, 4.0% coarse, 52.4% medium, 35.3% fine and 4.7% very fine.  Organic matter in this soil layer 
was 5.3 g kg-1.
Two intact cores (76.2 mm diam. by 76.2 mm long) were removed from the 0.05 to 0.13 m depth.  After 
sampling, the core was trimmed on the ends, sealed in a plastic bag, transported to the laboratory and stored at 4o C
prior to analysis.  Physical properties for the intact cores, measured after scanning, are listed in Table 2.
Solute Transport Parameters The convection-dispersion equation for one-dimensional flow in porous media is:
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where C is concentration (M L-3), t is time (T); z is distance (L), v is pore-water velocity (L T-1), and D is dispersion 
coefficient (L2 T-1).  Experiments were conducted with the two core samples to estimate transport parameters.
Measured relative concentration (KI solute) versus time was determined for each core.  The sample was saturated 
with a solution containing 6.1 g L-1 CaCl2 and 1.8 g L
-1 MgCl2, taken to the scanner, and scanned near the outlet end 
of the core as a solution of 7.5 g L-1 KI was pulsed through the samples with a pump at flow rates of 11.6 mL min-1
for Core #1 and 11.3 mL min-1 for Core #2.  The core was positioned in the gantry of the CT sanner with its
Table 1.  Physical and chemical properties for the sampling site by horizon (with 
standard deviation in parentheses).
Geomedia 
Horizon 
Depth Sand Silt Organic C pHw
m g kg-1 g kg-1 g kg-1
Ap 0.00 – 0.15 964 (50) 24 (15) 5.3 (2.2) 7.1 (0.3)
C 0.15 – 0.30 893 (58) 84 (42) 6.2 (3.7) 7.2 (0.3)
C 0.30 – 0.45 923 (29) 60 (24) 3.2 (3.4) 7.2 (0.2)
Table 2. Physical properties of intact geomedia core samples.
Core 
Number           Bulk Density Porosity
         Saturated 
Hydraulic Conductivity
            g cm-3 m3 m-3 m hr-1
1
2
1.51
1.43
0.430
0.460
0.184
0.221
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longitudinal axis oriented horizontally.  When the assembly was set on the scanner table, the scanner was calibrated 
with the saturated core.  The CT scan plane, perpendicular to the longitudinal axis, was placed at a position in the 
core about 5 mm from the downstream end. An X-ray CT scanner using a 125 peak kVp X-ray beam with a pixel 
resolution of 0.5 by 0.5 mm and scan thickness of 2.0 mm was used for scanning.
Effluent from downstream end of the breakthrough assemblies was collected during the experiment every 60 s.  
Concentration of effluent samples was determined using an iodide ion selective electrode and a reference electrode 
(Anderson et al., 2003).
Relative CT numbers from the KI breakthrough were plotted, and a smoothed CT-measured breakthrough curve
was obtained for each pixel using a method similar to that outlined by Anderson et al. (2003).  Pore-water velocity 
(v) was estimated at each pixel in the scans using the following relationship, v = L/tb, where L is the longitudinal 
length of core, and tb is pixel breakthrough time when the relative pixel concentration is 0.50.  The dispersion 
coefficient, D, is estimated at each image pixel using the KI data with the following relation, D = vL/4SS2, where S
is the slope of the pixel breakthrough curve at relative concentration equal to 0.50. 
Four different averaging methods were used for the pixels in the scan planes.  The first method used the 
resolution of the scanner, 1x1 pixel (0.5 mm x 0.5 mm); the second used 2x2 pixels (1.0 mm x 1.0 mm); the third 
used 4x4 pixels (2.0 mm x 2.0 mm); and the fourth used 10x10 pixels (5.0 mm x 5.0 mm).
Transfer function models used for the breakthrough travel time include the log-normal and convection-dispersion 
models. The two parameter log-normal probability density function, fl(t), is as follows:
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where t is the solute travel time, P is the mean of the random variable [y = ln(t)], and V is the standard deviation of 
the random variable, [y = ln(t)].  Methods for estimating the two parameters are given in Jury and Roth (1990).
The transfer function convection-dispersion model probability density function, fc(x,t), is as follows:
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where t is the solute travel time, z is distance along the column, v is the pore-water velocity, and D is the dispersion 
coefficient.  Methods for estimating these two parameters are given in Jury and Roth (1990).
3. Results and Discussion
Breakthrough Experiments Solute breakthrough experiments were conducted for the core samples.  Within the 
scan plane, breakthrough time results were compared as a function of pixel averaging.  Results of the distributions of 
travel time as a function of pixel averaging are shown in Figure 1.  For small pixel size (1x1 and 2x2), the travel 
time distributions were more skewed.  It appears that with a decreasing number of pixels and increasing pixel size 
(4x4 and 10x10) in the image, the distributions tended to be more normal.  This is expected due to the variability for 
single pixels of the CT number data.  This variability translates into more heterogeneity for pixel sizes near the 
resolution of the CT scanner.
Results of the statistics for travel time distributions as a function of pixel size are shown in Table 3.  The total 
number of pixels included in the scan plane as influenced by selected pixel size are listed, ranging from over 16,500 
for 1x1 to 149 for 10x10 (Table 3).  The mean and median of travel time increase with increasing pixel size.  It is 
apparent that the variance decreases as pixel size increases.  This is expected due to greater variability in the CT 
number data for single pixel values (1x1 or 0.5mm x 0.5 mm).  These results occurred for both core samples.
Comparison between resident concentration data versus effluent concentration data are shown in Figure 2 for 
Core #2.  Similar results occurred in Core #1.  Differences occur for the transport equations when using resident 
versus effluent concentration data.  For the CT measurements, resident transport equations are appropriate since the 
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Fig. 1. Frequency distributions for breakthrough time for a core 
(#1) as a function of pixel sets: (a) 1x1; (b) 2x2 , (c) 4x4, and (d) 
10x10.  Pixel size is 0.5 x 0.5 mm.
Fig. 2. Relative effluent and resident concentrations as a function 
of pore volume for a breakthrough experiment (core #2).
Table 3.  Statistical properties of travel time distributions for soil cores.
Core Number 
(Pixel Set)
Total 
Number
Mean Median Variance
min min min2
1 (1x1)
1 (2x2)
1 (4x4)
1 (10x10)
2 (1x1)
2 (2x2)
2 (4x4)
2 (10x10)
16,668
4,199
1,009
     149
16,923
4,246
1,009
     149
7.50
10.39
13.56
14.04
8.58
11.54
13.70
13.69
6.87
11.18
13.80
14.38
8.48
11.57
13.12
12.97
24.50
23.62
10.09
7.49
28.66
23.38
11.12
8.78
Fig. 3.  Measured breakthrough curves for a core sample (#1) 
illustrating relative concentration as a function of time with fitted 
transfer function models (CDF – cumulative distribution function) 
(a) lognormal and (b) convection-dispersion equation (CDE).  
Fig. 4.  Measured resident concentrations as a function of time 
with fitted transfer functions (convection-dispersion model) for 
resident concentrations (solid line) and effluent concentrations 
(dashed line) for Core #2.
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scanner samples within the core.  For effluent data sampled at the outflow end of the core, effluent or flux transport 
equations are more appropriate.
Transfer Function Parameters The log-normal transfer function model was fitted to resident concentration data 
for Core #1 and these are shown in Figure 3a.  The curve seems to fit these data well for a coarse-textured soil.  Two 
parameters are estimated for the log-normal transfer function model, Pand V; these represent the mean and standard 
deviation of the logarithm of the transfer time.  These values as a function of pixel size are listed in Table 4. In 
addition, estimates for the resident concentration and effluent concentration data are also shown (Table 4). The P
values increase as a function of pixel size while the V values decrease as a function of pixel size.  The standard 
deviation decreases with increasing pixel size since the variability decreases as more pixels are included in the scan 
image.  The Pvalues for pixel sizes of 2.0 x 2.0 mm (4x4) and 5.0 x 5.0 mm (10x10) are similar to the fits for the 
resident and effluent concentrations. TheV values for a pixel group of 4x4 (2.0 mm) appears to be similar to values 
for the resident concentration.
The convection-dispersion transfer function model was fitted to resident concentration data for Core #1 and these 
are shown in Figure 3b.  The fit appears to be appropriate for these data.  The two parameters estimated for the 
convection-dispersion transfer function model are v and D; these represent the pore-water velocity and dispersion 
coefficient, respectively.  Data in Table 4 include the resident concentration and effluent concentration data as well 
as values influenced by pixel size.  The pore-water velocity decreases as a function of increasing pixel size; values at 
pixel sizes of 4x4 and 10x10 are similar to the results from resident and effluent concentrations.  The dispersion 
coefficient for a pixel group of 4x4 (2.0 mm) is similar to the fit for the resident concentrations.
From the two different models, it appears that averaging pixels with a group set of 4x4 (2.0 mm) will provide 
similar results to the resident concentrations in the sample for these CT images.  Individual pixel values need to be 
averaged slightly to reduce variability and thus produce more robust parameter estimates.
Predicted breakthrough curves using estimates from resident concentrations and effluent concentrations are 
shown versus measured resident concentrations for Core #2 in Figure 4. Similar results were found for Core #1.  
Both the resident concentration and effluent concentration fitted parameters appear to match the measured data well.  
This is due to the relatively homogeneous nature of these sand cores.  The effluent concentrations often may appear 
different in heterogeneous cores.
Statistics for maximum error and root mean square error for Core #1 as a function of pixel size are shown in 
Table 5.  Similar results were found for Core #2.  Results for resident and effluent concentrations for this core 
sample are also included.  Both the maximum error and root mean square error decrease as pixel size increases.  
This is due to the reduction in variability as pixel size increases.  Similar errors for the resident concentration values 
were found for the 4x4 (2.0 mm) and 10x10 (5.0 mm) pixel sets.  This implies that a group set of 4x4 may be 
appropriate for estimating solute breakthrough for these types of core samples.
Table 4.  Parameter estimates as a function of pixel set for soil cores for the transfer function models:  
lognormal and convection-dispersion equation (CDE). The parameter estimates for the downstream 
resident and effluent concentrations are also shown.
Core Number 
(Pixel Set)
      Lognormal
P V
           CDE
v D
cm/min cm2/min
1 (1x1)
1 (2x2)
1 (4x4)
1 (10x10)
1 (resident)
1 (effluent)
2 (1x1)
2 (2x2)
2 (4x4)
2 (10x10)
2 (resident)
2 (effluent)
1.835
2.242
2.580
2.624
2.604
2.468
1.985
2.365
2.589
2.594
2.598
2.563
0.601
0.445
0.241
0.192
0.290
0.417
0.573
0.402
0.240
0.213
0.316
0.361
0.920
0.395
0.509
0.491
0.489
0.537
0.839
0.624
0.525
0.526
0.510
0.520
0.381
0.624
0.0964
0.0664
0.146
0.341
1.175
0.395
0.112
0.0888
0.190
0.255
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Table 5.  Statistical evaluation of transfer function models (lognormal and 
convection-dispersion) as a function of pixel set for a core (#1). Values for the 
downstream resident and effluent concentrations are also shown.
Transfer
Function

Pixel Set
Maximum
     Error
Root Mean
Square Error     
           %
Lognormal
Lognormal
Lognormal
Lognormal
Lognormal
Lognormal
CDE
CDE
CDE
CDE
CDE
CDE
1x1
2x2
4x4
10x10
resident
effluent
1x1
2x2
4x4
10x10
resident
effluent
0.686
0.519
0.205
0.196
0.163
0.325
0.759
0.518
0.175
0.188
0.165
0.327
89.86
63.72
28.13
24.65
20.88
37.23
97.38
63.59
23.67
21.91
21.22
37.40
In the future, fuzzy data analysis can be developed for these data and compared to these transfer function models.  
Fuzzy data analysis may be an improvement for the analysis of these solute breakthrough data.
4. Conclusions
Chemical transport in porous media needs to be characterized to assist in preventing contamination of 
groundwater reservoirs.  This project used two transfer function models for predicting X-ray computed tomography-
measured chemical breakthrough in porous media columns. Breakthrough experiments were conducted using 
undisturbed cores taken from a field site.  Two transfer function models were used to parameterize the breakthrough 
experiments:  the log-normal and convection-dispersion probability density functions (pdfs).  The parameters for 
travel time pdfs were accurately estimated by the solute breakthrough time distributions when the resolution of the 
scan was 0.5 x 0.5 mm.  Group-pixel averages of 2.0 x 2.0 mm or 5.0 x 5.0 mm appears to be the best for reducing
fluctuations of CT scan numbers.  The application of the transfer function models was limited to conservative solute 
transport in undisturbed columns for this study.  Future studies can evaluate chemical adsorption and degradation 
processes.
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